We investigate the use of the [O II] λ3727 emission line as a star formation rate (SFR) estimator using Sloan Digital Sky Spectra for nearly 100,000 star-forming galaxies and 5,500 galaxies with narrow-line active galactic nuclei. Consistent with previous work, we find that the [O II]/Hα ratio in star-forming galaxies depends strongly on gas-phase metallicity. Using metallicities derived from the [N II] λ6584/[O II] λ3727 method, we refine a metallicity-dependent SFR estimator based on [O II] that is calibrated within a scatter of 0.056 dex against the more commonly used SFR indicator based on Hα emission. The scatter increases to only 0.12 dex if the metallicity is estimated using the stellar mass-metallicity relation. With the aim of extending the [O II]-based SFR estimator to active galaxies, we calculate radiation pressure-dominated photoionization models to constrain the amount of [O II] emission arising from the narrow-line region. We use the sample of active galaxies to demonstrate that the SFRs derived from [O II], after accounting for nonstellar contamination, are consistent with independent SFR diagnostics estimated from the stellar continuum of the host galaxies.
INTRODUCTION
The star formation rate (SFR) is one of the most fundamental physical parameters to understand the formation and evolution of galaxies. A variety of indicators have been calibrated to estimate the SFR in star-forming galaxies, ranging from ultraviolet, infrared, and radio continuum emission to emission lines tracing photoionized or photodissociated regions (for a review, see Kennicutt & Evans 2012) . The nebular recombination line Hα λ6563 is typically regarded as the most reliable SFR indicator. Proportional to the ionizing radiation from young ( 20 Myr), massive (> 10 M ) stars, the bright and widely accessible Hα line provides a direct probe of the instantaneous SFR independent of previous star formation history (Kennicutt 1998) . Beyond z ≈ 0.5, when Hα is redshifted outside of the optical window, the most widely considered alternative spectroscopic SFR indicator is the [O II] λ3727 doublet (e.g., Gallagher et al. 1989; Kennicutt 1992; Kewley et al. 2004; Moustakas et al. 2006; Weiner et al. 2007; Argence & Lamareille 2009; Gilbank et al. 2010) , which can extend the redshift coverage up to z ≈ 1.7. However, [O II] is less directly connected with the mingyangzhuang@pku.edu.cn ionizing photons than Hα, and several complicating factors need to be considered. Kewley et al. (2004) used a nearby galaxy sample to study the variation of the [O II]/Hα ratio with dust reddening, metallicity, and ionization parameter, and offered an improved [O II] SFR calibration with an explicit correction for metallicity. Moustakas et al. (2006) also investigated the systematic uncertainties of the [O II]-based SFR diagnostic, incorporating B-band luminosity as a term to reduce the scatter due to dust reddening, metallicity, and ionization. Other improvements to the [O II] SFR indicator have been proposed in a similar spirit ; Argence & Lamareille 2009; Kennicutt et al. 2009; Gilbank et al. 2010) . However, these modified calibrations are still subject to some shortcomings, such as relatively small calibration sample, large scatter (∼0.3 dex), or the requirement of additional observations.
Ever since the recognition that black hole mass correlates tightly with galaxy properties (Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Kormendy & Ho 2013) , much attention has been devoted to the manner in which supermassive black holes might coevolve with their host galaxies (e.g., Richstone et al. 1998; Ho 2004; Heckman & Best 2014) . A key hindrance to progress in this still-controversial subject stems from the fact that reliable SFRs are tremendously difficult to ascertain in active galactic nuclei (AGNs). AGN emission encompasses the entire spectral energy distribution (SED), presenting an unavoidable source of contamination for virtually all traditional extragalactic SFR estimators. In terms of emission-line diagnostics arising from photoionized gas, a strategy must be devised to separate the contribution from the AGN narrow-line region (NLR) to that arising from H II regions. Zhuang et al. (2019) recently presented a new method to derive SFRs in active galaxies using the mid-IR fine-structure lines [Ne II] 12.81 µm and [Ne III] 15.55 µm, which effectively trace the ionizing luminosity of star-forming galaxies (Ho & Keto 2007 Here we present a recalibration of [O II] as a SFR indicator using nearly 100,000 star-forming galaxies, the largest sample to date, drawn from the seventh data release (DR7; Abazajian et al. 2009 ) of the Sloan Digital Sky Survey (SDSS; York et al. 2000) . The large sample size enables us to probe in greater detail than previous work the dependence of the [ Section 2 describes the data and their selection criteria. We calibrate [O II] as a SFR estimator for star-forming galaxies in Section 3, and then in Section 4 we extend it to AGNs with the help of NLR photoionization models. Section 5 discusses the results from our models and compares them with independent SFRs for AGNs. Our main conclusions are summarized in Section 6. Throughout the paper, we assume a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. As in Brinchmann et al. (2004) , we adopt the Kroupa (2001) stellar initial mass function. For the initial mass functions of either Salpeter (1955) or Chabrier (2003) , our SFRs need to be scaled by a factor of 1.49 and 0.94, respectively (Madau & Dickinson 2014) .
2. DATA Our data are drawn from SDSS DR7, which covers an area of 8423 deg 2 , with spectroscopy of complete samples of galaxies and quasars covering ∼8200 deg 2 . The spectra are taken with a 3 -diameter fiber with spectral coverage 3800−9200Å at a resolution of λ/∆λ ≈ 2000. We use the emission-line fluxes (Tremonti et al. 2004 ) and stellar mass (M * ) measurements (Kauffmann et al. 2003a; Salim et al. 2007 ) provided by the Max Planck Institute for Astrophysics and Johns Hopkins University (MPA-JHU) catalog 1 . We adopt the nuclear spectral classifications from the MPA-JHU catalog, which are based on the precepts of Baldwin et al. (1981) discussed in Brinchmann et al. (2004) . We correct the line fluxes for dust extinction using the observed Balmer decrements and the Milky Way extinction curve of Cardelli et al. (1989) 2 with R V = A V /E(B − V ) = 3.1. For electron temperatures T e = 10 4 K and electron densities n e ≈ 10 2 − 10 4 cm −3 , the intrinsic value of Hα/Hβ = 2.86 for star-forming galaxies and Hα/Hβ = 3.1 for AGNs (Osterbrock & Ferland 2006 2. To ensure that the metallicity derived from the fiber spectrum represents well the global metallicity, the fiber must cover at least 20% of the g -band total photometric light (Kewley et al. 2005) . We use the fiber and the photometric Petrosian g magnitude to calculate the fiber coverage, as in Kewley & Ellison (2008 The S/N ratio cut is more lenient than that of starforming galaxies because for AGNs we do not need to derive the metallicity using the emission lines. Uncertainties are scaled in a similar manner as for the starforming galaxies.
2. A S/N ≥ 5 is required for Hα/Hβ, and objects with Hα/Hβ < 3.1 are removed.
3. Stellar mass estimates are available.
4. The specific SFR (sSFR ≡ SFR/M * ) measured in the fiber must exceed 10 −10.5 yr −1 . The fiber SFRs for AGN host galaxies are estimated from the relation between the sSFR and the 4000Å break (D4000) established empirically for star-forming galaxies (Brinchmann et al. 2004 ). Salim et al. (2016) show that, when sSFR 10 −10.5 yr −1 , D4000-based sSFRs show good agreement with sSFRs derived from global SED fitting. For lower values of sSFR, D4000 is less sensitive to sSFR, and SFRs derived in this manner are subject to much larger uncertainties. The limitations of using D4000 to trace SFRs in AGNs are further discussed in Section 5.2. erg s −1 ), from run-of-the-mill type 2 Seyferts to those powerful enough to be considered type 2 quasars (Reyes et al. 2008; Kong & Ho 2018) . We also include the sample used in Kewley et al. (2004, hereinafter K04) , which consists of 97 star-forming galaxies from the Nearby Field Galaxies Survey (NFGS; Jansen et al. 2000a,b) . The great increase in the sample size with respect to K04, coupled with the homogeneity of the SDSS and ancillary data, motivates us to update the [O II] SFR calibration for star-forming galaxies, as well as to extend it to their active counterparts.
CALIBRATION OF [O II] SFR INDICATOR IN STAR-FORMING GALAXIES
Hα provides a robust SFR standard for galaxies at redshifts 0.5, and we use it as the reference to calibrate [O II]. As in K04, we adopt Kennicutt's (1998) conversion between extinction-corrected Hα luminosity (L Hα ) and SFR, after adjustment for our adopted initial mass function:
Apart from dust reddening, metallicity has the strongest effect on the relation between Hα and [O II] (K04). has low residual discrepancy in relative metallicity, suffers less from AGN contamination, and is also less sensitive to the ionization parameter (Kewley & Ellison 2008) . K04 provide empirical calibrations for different metallicity diagnostics based on observations from NFGS and theoretical calibrations from photoionization models. Both of the methods of deriving metallicity used here agree well with the NFGS observations (K04). However, on account of the limited size of the NFGS sample, neither the low-metallicity nor the highmetallicity end of the population is well covered, and K04's calibrations deviate from the sample distribution from SDSS DR7 (Figure 1 ). This is especially notable for metallicities derived using the Z94 R 23 method (left panel 
where the oxygen abundance x ≡ log(O/H) + 12. From KD02, log(O/H) + 12 = log(1.54020 + 1.26602R+ Kewley & Dopita (2002, KD02) . Gray squares represent star-forming galaxies from SDSS DR7, color-coded by the number of objects. Blue triangles are galaxies from the NFGS (Jansen et al. 2000a,b) in K04. The blue dashed line is the empirical fit to the NFGS sample, and the green dashed curve is the theoretical relation predicted by photoionization models from K04. Black solid and dashed curves indicate the median and ±1σ [O II]/Hα ratio for SDSS DR7 star-forming galaxies. The red solid curve is our best-fit relation to the data in the range 8.5 < log (O/H) + 12 < 9.2. We do not fit the data with log (O/H) + 12 < 8. 
Although the M * -Z relation of Kewley & Ellison (2008) is based on star-forming galaxies in SDSS DR4, we confirm that it fits our SDSS DR7 sample equally well. Since Equation 4 only covers the mass range 10 8.5 − 10 11 M , we exclude a small fraction (0.6%) of the objects with M * < 10 8.5 M . For galaxies with M * > 10 11 M , we fix the oxygen abundance 5 to log(O/H) + 12 = 9.02. Combining Equations 1 and 2, we arrive at
5 The M * -Z relation flattens toward the high-mass end, and hence we use the value of the oxygen abundance at M * = 10 11 M . 056 dex) ; the scatter in SFR is higher for the case of metallicities based on the M * -Z relation, but it is still small (0.12 dex). For galaxies more massive than M * 10 10.5 M (contours in Figure 2b ), there is a mild tendency for the [O II]-based SFRs to be overestimated, but the effect is insignificant (median difference = −0.04 ± 0.14 dex).
[O II]/Hα can also be affected by ionization parameter (U ), the dimensionless ratio of the incident ionizing photon density to the hydrogen density (K04; Moustakas et al. 2006) . Moustakas et al. (2006) (Figure 2a ). This suggests that the dependence on U at a fixed metallic- ity must be weak and/or star-forming galaxies span a narrow range of U . We do not consider further the effect of U for star-forming galaxies.
CALIBRATION OF [O II] SFR INDICATOR IN ACTIVE GALAXIES
We perform photoionization calculations using the latest version (C17.01) of CLOUDY (Ferland et al. 2017) [Ne V] can be used to subtract the contribution of the NLR from the lower-ionization neon lines, which are sensitive to SFR (Ho & Keto 2007) . The neon-based SFRs derived for the AGN host galaxies by Zhuang et al. (2019) agree well with those estimated independently from global SED fitting.
For completeness, we briefly describe the setup of our models. We use the intrinsic AGN radiation field from Scott & Stewart (2014) , which is based on data compilation for a large sample of type 1 AGNs. We choose three median SEDs binned by bolometric luminosity: log(L bol /erg s −1 ) > 46.3, 45.8−46.3, and < 45.8. We construct isobaric, dusty and ra- ) and the dust composition and size distribution of the Orion nebula. The absolute amount of dust is scaled to twice the Orion value. We vary the ionization parameter log U = −3 to 2 in steps of 0.5, and we adjust the initial hydrogen density 6 from n H = 1 to 10 3 cm −3 , in steps of 1 in the logarithm. Radiation pressure-dominated NLR models provide a successful framework for interpreting spatially resolved spectroscopic observations of nearby Seyfert galaxies. Stern et al. (2014) showed that when radiation pressure dominates the total pressure, the effective ionization parameter is ∼0.03, and the final gas density n ∝ r −2 (see Equation 8). A radially stratified NLR arises from the tendency for forbidden transitions to emit most efficiently at densities close to their re-spective critical densities for collisional de-excitation (n crit ). For instance, [O III] λ5007, with n crit = 10 5.8 cm −3 , reaches its peak emissivity at a radius ∼20 times smaller than that of [O II] λ3727, which has n crit ≈ 10 3 cm −3 . Figure 3 
illustrates the variation of [O II]/[O III] as a function of U and n H . [O II]/[O III] decreases with increasing
U for log U −1.5, the regime in which the gas pressure dominates the total pressure. In this situation, the gas density remains nearly constant from the illuminated surface of the cloud to the ionization front (Stern et al. 2014) . For log U −1.5, radiation pressure dominates the total pressure. From the definition of U , increasing U at fixed n H or increasing n H at fixed U will have the same effect as increasing the ionizing photon density. At the same ionizing photon density (constant product of U and n H ), [ depends on the radial variation of the covering factor. A reasonable assumption of constant covering factor over radius suggests that the total emission is dominated by emission where n ≈ n crit (Stern et al. 2014) . Hence, our predicted values here should be good estimates. We assume that all of the [O III] emission arises from the AGN, a reasonable supposition for AGN hosts, which are generally massive (metal-rich) galaxies (Ho 2005) . Combining Equations 5 and 6 yields
(−4373.14 + 1463.92x − 163.045x 2 + 6.04285x
where (increased to 13.8%), which is smaller than the uncertainties introduced by using the M * -Z relation to estimate the metallicity. three nearby AGNs, and the sample of Thomas et al. (2018) indicates AGN fractions of ∼20% to 100%. This discrepancy can be traced to the smaller ionization parameters invoked in previous calculations (log U −1.5), which effectively produce constant-density models instead of radiation pressure-dominated models (Section 4). When radiation pressure does not dominate the total pressure, the local ionization parameter can be smaller than log U ≈ −1.5, which produces larger
Here we show that the typical sizes of the radiation pressure-dominated region in the NLR are large and comparable to the dimensions directly observed in well-studied sources.
If the radiation pressure dominates the total gas pressure, the radius of the outer boundary of the NLR can be approximated by (Stern et al. 2014, their Equation 6 )
where n is the gas density in units of cm −3 , T 4 is the temperature in units of 10 4 K near the ionization front, and L ion,45 is the ionizing luminosity at 1-1000 Ryd in units of 10 45 erg s −1 . We use the extinction-corrected [O III] luminosity to estimate the AGN bolometric luminosity, adopting the luminosity-dependent bolometric corrections from Lamastra et al. (2009) , as parameterized by Trump et al. (2015) . We infer from the three input SEDs used in our models L ion /L bol = 0.31 for log(L bol /erg s , radiation pressure dominates at a radius of r ≈ 3.3 kpc. This estimate compares favorably with observations. Spatially resolved studies have established an empirical relation between the physical extent and the luminosity of the NLR (e.g., Bennert et al. 2002; Nascimento et al. 2019) . From the radiusluminosity relation of Greene et al. (2011) , the median L [O III] of our sample corresponds to r = 4.2±0.8 kpc, in reasonably good agreement with the predicted size of radiation pressuredominated NLRs.
External Comparison of SFRs
In order to show quantitatively the robustness of our new [O II]-based SFR estimator for AGNs, we compare our SFRs with independent values derived from the D4000 method, which depend solely on the properties of the stellar population in the host galaxy. Brinchmann et al. (2004) calibrated the relation between sSFR and D4000 in star-forming galaxies and applied it to AGNs. It is important to acknowledge that AGNs may introduce additional uncertainties. Nearby AGNs predominantly live in massive, evolved systems (e.g., Ho et al. 2003; Kauffmann et al. 2003a) , a regime where the sSFR-D4000 relation suffers the largest dispersion. Moreover, scattered light from the nonstellar nucleus (e.g., Antonucci & Miller 1985; Obied et al. 2016 ) contributes featureless continuum to the integrated spectrum, diluting D4000. Notwithstanding these complications, D4000 offers the only practical avenue to estimate SFRs for the SDSS AGN sample under consideration. We perform this external check in two steps, first by verifying whether our updated [O II]-based estimator yields SFRs consistent with the Hα-based SFRs from the MPA-JHU catalog for star-forming galaxies, and then repeating the same cross-check for the active galaxies. Our SFRs, following Kennicutt (1998) , assume that no Lyman continuum photons are absorbed by dust. This is a reasonable approximation, validated by the overall agreement between SFRs derived from Hα and far-infrared continuum (Moustakas et al. 2006) . Meanwhile, the MPA-JHU SFRs for star-forming galaxies, based on Hα, account for absorption of ionizing photons by dust within the H II regions (Charlot & Longhetti 2001; Charlot et al. 2002) (Equation 3 ), this option is not available for AGNs because of contamination from the NLR, and we must resort to the M * -Z relation (Equation 4). To mimic as closely as possible the situation for AGNs, for this comparison our [O II]-based SFRs for star-forming galaxies also adopt oxygen abundances estimated from the M * -Z relation. We use stellar masses from the MPA-JHU catalog. Figure 4a compares the two sets of SFRs as a function of stellar mass for star-forming galaxies. Systematic residuals are clearly present, and they depend on stellar mass. While ∆ ≡ log(SFR [O II] ) − log(SFR MPA-JHU ) ≈ −0.007 ± 0.184 dex for M * 10 10.3 M , at higher masses the residuals become large and mainly negative (∆ = −0.125 ± 0.277 dex), reminiscent of the trend found in Brinchmann et al. (2004, their Figure 8) . While plausible explanations have been offered for these trends (Charlot & Longhetti 2001; Charlot et al. 2002; Brinchmann et al. 2004 ), of practical relevance here is that the systematic trend at high masses(M * = 10 10.3 − 10 11.1 M ) can be removed with a third-order polynomial (Figure 4, red curve) . This allows us to compare SFRs from the MPA-JHU catalog with those derived from our [O II] method for AGNs. We do not adjust the objects with M * < 10 10.3 M , and for objects with M * > 10 11.1 M we set ∆ = −0.274 dex, the median difference at M * = 10 11.1 M . After applying these corrections, the MPA-JHU SFRs are brought into good agreement with our [O II]-based SFRs (Figure 4b) , with the median difference for objects with M * > 10 10.3 M brought from −0.125 dex to 0.000 dex. Figure 5a compares the SFRs from our [O II] calibration for AGNs (Equation 7) with SFRs based on the D4000 method from the MPA-JHU catalog. For the sample as a whole, ∆ = 0.055 ± 0.335 dex, which we regard as quite satisfactory agreement, in light of the substantial uncertainties (∼0.6 dex) inherent in the crude D4000-based SFRs. In detail, however, it is apparent that the two sets of measurements exhibit a slight departure from a 1:1 relation. A formal least squares fit yields a slope of 1.21 (black dashed line). Moreover, the residual difference between the [O II]-based SFRs and MPA-JHU SFRs varies systematically with D4000 (Figure 5b ). This systematic trend, which is unphysical, originates from the fact that the MPA-JHU SFRs were estimated using a relation between sSFR and D4000 originally derived for star-forming galaxies (Brinchmann et al. 2004) . We verify that most of the AGNs with positive residuals (positive ∆) and large D4000 tend to be located below the star-forming galaxy main sequence (Noeske et al. 2007 ). The sSFR-D4000 relation is particularly unreliable for estimating SFRs of galaxies in this regime. This, coupled with the fact that [O II] probes SFRs on shorter timescales than D4000, may be responsible for the residual discrepancies observed in Figure 5b , which we do not consider to be serious.
SUMMARY
We use an extensive sample of star-forming galaxies and narrow-line AGNs from SDSS DR7 to investigate the use of [O II] λ3727 as a SFR indicator. The large sample enables us to probe a wide dynamic range in physical properties of galaxies, spanning ∼4 dex in SFR, more than 3 dex in stellar mass, and nearly 1 dex in metallicity.
Our main results are as follows:
• Consistent with previous work, we show that the [O II]/Hα ratio in star-forming galaxies depends strongly on metallicity. Using the better understood Hα SFR indicator as reference, we expand upon the work of Kewley et al. (2004) • With the aid of a set of photoionization models designed to mimic the conditions of the NLR, we demonstrate that high-ionization AGNs (e.g., Seyfert galaxies and quasars) emit a remarkably constant ratio of We are grateful to an anonymous referee for constructive comments and suggestions. We thank Jinyi Shangguan for helpful discussions. This work was supported by the National Key R&D Program of China (2016YFA0400702) and the National Science Foundation of China (11721303).
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